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We study theoretically spin transport through a single-molecule magnet (SMM) in the sequential
and cotunneling regimes, where the SMM is weakly coupled to one ferromagnetic and one normal-
metallic leads. By a master-equation approach, it is found that the spin polarization injected from
the ferromagnetic lead is amplified and highly polarized spin-current can be generated, due to the
exchange coupling between the transport electron and the anisotropic spin of the SMM. Moreover,
the spin-current polarization can be tuned by the gate or bias voltage, and thus an efficient spin
injection device based on the SMM is proposed in molecular spintronics.
PACS numbers: 75.50.Xx, 75.70.Tj, 73.23.-b, 72.25.-b, 85.75.d
I. INTRODUCTION
As is well known, the efficient generation and manipu-
lation of spin-polarized current are the crucial elements in
the field of spintronics.1 Considerable efforts have been
devoted to direct spin-current injection from ferromag-
netic (FM) electrodes into nonmagnetic materials via
tunnel junctions, such as graphene,2,3 silicon,4 and quan-
tum dots (QDs).5–8 It is shown both experimentally5,6
and theoretically7 that the spin-current polarization can
be electrically manipulated in transport through a single
QD weakly coupled to one FM and one normal-metallic
(NM) electrodes, but the polarization is limited by the
typical polarization of ferromagnet with 30 − 40%.9 In-
terestingly, when the coupling of the FM lead with the
QD is much stronger than that of the NM lead, the po-
larization of spin injection in the strong coupling regime
is greatly enhanced, far beyond the intrinsic polarization
of ferromagnets,8 due to the FM exchange-field induced
spin-splitting of the QD level. However, high spin polar-
ization strongly depends on the left-right asymmetry of
the QD-lead coupling in this case.
In molecular spintronics, single-molecule magnets
(SMMs) with a large molecular spin have magnetic bista-
bility induced by the easy-axis magnetic anisotropy,
which has potential application in data storage and
information processing. Therefore, transport prop-
erties through SMMs have been intensively investi-
gated in recent years.10–12 For instance, the spin-filter
effect13,14 and thermoelectrically induced pure spin-
current15,16 are identified in SMM junctions with NM
leads. When the SMM is attached to two FM elec-
trodes, the tunnel magnetoresistance,17–20 memristive
properties,21 spin Seebeck effect,22,23 spin-resolved dy-
namical conductance,24 and other spin-related properties
have been theoretically studied. Due to the spin asymme-
try, the spin-polarized transport through a SMM coupled
to one FM and one NM leads has received much atten-
tion. It is both theoretically25–29 and experimentally30,31
verified that, the spin switching of such FM-SMM-NM
junction can be realized by spin-polarized currents. On
the other hand, the spin-polarized charge current itself
can exhibit behaviors such as the spin-diode32 and neg-
ative differential conductance.33,34 However, the spin-
current through the magnetic molecular junction is less
mentioned in these works.
In this paper, we adopt the master-equation approach
to study spin-current injection through the FM-SMM-
NM junction in the weak coupling regime. The system
under investigation is shown in Fig.1, where the magneti-
zation of the FM lead is collinear with the magnetic easy
axis of the SMM. Experimentally, this transport setup
can be realized on a FM scanning tunneling microscope
tip coupled to a magnetic adatom or SMM placed on a
NM surface.11,27,30,32,35 The SMM is modeled as a single-
level QD with a local uniaxial anisotropic spin.17,25 Both
FM and antiferromagnetic (AFM) exchange couplings
are discussed in this work. We find that the output spin-
current polarization through the SMM junction is greatly
enhanced and can reach 90%, where spin polarization
is typically 40% in the FM lead. The enhancement of
spin polarization is attributed to the easy-axis magnetic
anisotropy of the SMM and spin-flip process.17,18,35,36
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FIG. 1: (Color online) Schematic diagram for a SMM weakly
coupled to FM and NM electrodes. The magnetization of FM
lead is collinear with the easy axis of SMM (assumed as z-
axis). Bias voltages V/2 and −V/2 are applied on the left (L)
and right (R) electrodes, respectively.
2II. MODEL AND METHOD
The total Hamiltonian of the SMM tunnel junction
shown in Fig. 1 is written as
H = HSMM +Hleads +HT . (1)
The first term is the giant-spin Hamiltonian of the
SMM17,25,37
HSMM =
∑
σ
(ε− eVg)d
†
σdσ + Ud
†
↑d↑d
†
↓d↓
−K(Sz)2 − Js · S. (2)
Here, ε is the energy of the orbital level (OL) of the
magnetic molecule, which can be tuned by the gate volt-
age Vg, and the operator d
†
σ (dσ) creates (annihilates)
an electron with spin σ in the molecular OL. U is the
Coulomb energy of the two electrons in the molecule,
and K (K > 0) denotes the easy-axis anisotropy of
the SMM. The spin operator of the OL is defined as
s ≡
∑
σσ′ d
†
σ(σσσ′/2)dσ′ , where σ ≡ (σx, σy , σz) repre-
sents the vector of Pauli matrices. J describes the spin-
exchange coupling between spin s of OL electrons and
the local spin S of the molecule, which can be either FM
(J > 0) or AFM (J < 0). By introducing the z compo-
nent Szt of the total spin operator St≡ s+ S, many-body
eigenstates of the SMM can be written as |n, St;S
z
t 〉,
where n denotes the charge state of the SMM and St
is the quantum number of the total spin St.
The second term of Eq.(1) describes nonin-
teracting electrons in the electrodes, Hleads =∑
α=L,R
∑
kσ εαkσc
†
αkσcαkσ, where εαkσ is the en-
ergy of an electron with wave vector k and spin σ in
lead α, and c†αkσ (cαkσ) is the corresponding electronic
creation (annihilation) operator. Assuming ρασ is the
density of states of electrons with spin σ in the lead α,
we can define the spin polarization of the ferromagnetic
lead as pα = (ρασ−ρασ)/(ρασ+ρασ). In our calculation,
polarizations of the left FM and right NM leads are
chosen as pL = 0.4 and pR = 0, respectively.
The coupling between the leads and the SMM
is described by the tunneling Hamiltonian HT =∑
αkσ(tαc
†
αkσdσ + t
∗
αd
†
σcαkσ), where tα is the tunnel ma-
trix element between the lead α and the SMM, and the
spin-dependent tunnel-coupling strength is denoted by
Γασ = 2piρασ |tα|
2. Furthermore, we can rewrite the
tunnel-coupling strength as Γασ = Γα(1 ± pα)/2 with
the sign + (−) corresponding to σ =↑ (↓), and assume
Γα = Γα↑ + Γα↓ and Γ = (ΓL + ΓR)/2. For simplicity,
the bias voltage V is applied symmetrically on the SMM
tunnel junction with µL = eV/2 and µR = −eV/2.
We analyze spin-polarized transport through the SMM
junction in both sequential and cotunneling regimes at
the weak-coupling limit, ie. Γ ≪ kBT . The tunneling
processes of electron are assumed to be stochastic and
Markovian, and the time evolution of the SMM can be
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FIG. 2: (Color online) Spin-current polarization for the FM
(a) and AFM (b) exchange couplings as a function of the bias
and gate voltages. The parameters are: S = 2, ε = 0.5 meV,
|J | = 0.4 meV, U = 1 meV, K = 0.05 meV, kBT = 0.04 meV,
PL = 0.4, PR = 0, and Γ = ΓL = ΓR = 0.001 meV.
described by the master equation,18,36,38,39
dPi
dt
=
∑
αα′σσ′i′ 6=i
[−(W i,i
′
ασ,α′σ′ +W
i,i′
ασ )Pi
+(W i
′,i
ασ +W
i′,i
α′σ′,ασ)Pi′ ], (3)
with Pi denoting the probability in the molecular many-
body eigenstate |i〉. The transition rates W in the
Eq. (3) can be calculated perturbatively by the general-
ized Fermi’s golden rule based on the T -matrix.40 More-
over, the rateW i,i
′
ασ denotes the sequential tunneling tran-
sition from the state |i〉 to |i′〉 due to a spin-σ electron
tunneling of lead α, and W i,i
′
ασ,α′σ′ stands for the cotun-
neling transition with a spin-σ electron of lead α being
transformed to spin-σ′ electron of lead α′. With the sta-
tionary conditions dPi
dt
= 0 and
∑
i Pi = 1, we can get the
steady state transport properties. Finally, the current of
spin-σ electrons through lead α is defined as36,39
Iασ = e(−1)
δRα
∑
α′ 6=ασ′ii′
[(ni′ − ni)W
i,i′
ασ Pi
+ (W i,i
′
ασ,α′σ′ −W
i,i′
α′σ′,ασ)Pi], (4)
and thus we have the total charge current Iα = Iα↑ +
Iα↓ as well as the spin-current Iαs = Iα↑ − Iα↓. The
polarization of spin-current is defined as
χ = (Iα↑ − Iα↓)/(Iα↑ + Iα↓)
In addition, magnetization of the SMM is 〈Szt 〉 =∑
i S
z
tiPi. With this well-defined theory, we can calcu-
late the spin transport properties of the SMM junction
and the results are presented below.
III. RESULTS AND DISCUSSION
In Fig. 2, we show the dependence of the spin-current
polarization on the gate and bias voltages for the FM
and AFM spin-exchange couplings. We first find that
3the polarization χ is asymmetric under reversal of the
bias voltage V , since tunnel-coupling strengths between
the molecule and the FM electrode is spin-dependent
(ΓL↑ > ΓL↓). At lower bias voltages, the cotunneling
processes dominates electron transports in the regions
marked by the electron occupation numbers n = 0 (1 or
2),17,18 and the sequential tunneling processes start to
take part in transports at larger bias voltages. Although
the polarization of FM lead is 0.4, the spin-current po-
larization χ can be beyond 0.4, or even more than 0.9
in the sequential and cotunneling regions [Figs. 2(a)
and (b)]. Moreover, because the energy of the molecular
state |1, 5/2;Szt 〉 is larger than that of the molecular state
|1, 3/2;Szt 〉 for the AFM case,
36 the voltage-dependence
of spin-polarization χ is very different for the two types
of couplings, or even opposite in some regions.
The charge current Ic, spin current Is, differential con-
ductance G, magnetization 〈Szt 〉, and spin polarization χ
are shown in Fig. 3 for the FM spin-exchange coupling.
The spin-flip induced by the spin-exchange coupling plays
a key role17,18,32,36 in transport through the SMM. The
magnetization 〈Szt 〉 is a positive value in the negative
bias voltages [Fig. 3(c)], since the states with positive
Szt dominate the steady transport processes. It becomes
negative in the positive bias voltages. The charge cur-
rent Ic (black solid line) and spin current Is (red dash
line) versus the bias voltage V are shown in Fig. 3(a)
at the gate voltage Vg = −0.4 mV, where the degenerate
ground states of the SMM are |0, 2;±2〉. The spin cur-
rent Is is negative at most of bias voltage region except
the high positive-bias, where all the transport channels
are open. The variation of differential conductance G
with respect to the bias voltage V is plotted in Fig. 3(b),
which displays three sequential resonant peaks in the pos-
itive bias. The peak-1 corresponds to the spin-down se-
quential transition |0, 2;−2〉 ⇔ |1, 5/2;−5/2〉, and the
peak-2 (peak-3) corresponds to the spin-up transition
|0, 2;−2〉 ⇔ |1, 3/2;−3/2〉 (|1, 5/2;−5/2〉 ⇔ |2, 2;−2〉).
In the negative bias, the peak-1′ corresponds to the
spin-up transition |0, 2; 2〉 ⇔ |1, 5/2; 5/2〉, and the peak-
2′ (peak-3′) corresponds to the spin-down transition
|0, 2; 2〉 ⇔ |1, 3/2; 3/2〉 (|1, 5/2; 5/2〉 ⇔ |2, 2; 2〉). The
height of peak-1 is lower than that of the peak-1′, since
spin-up (spin-down) electrons are majority (minority) in
the L-electrode.
The spin-current polarization χ as a function of the
bias voltage V is shown in Fig. 3(d) for different gate
voltages. At low bias voltages around V = 0 mV, the
electron transport is dominated by elastic cotunneling
processes and thus the polarization χ approaches the spin
polarization of FM lead, namely χ ∼ 0.4. With the slight
increase of bias voltage V , the inelastic cotunneling pro-
cesses start to take part in electron transports. For the
gate voltage Vg = −0.4 mV (black solid line), at posi-
tive bias the transport current is brought mainly by the
spin-down electrons tunneling through the SMM via the
virtual transition |0, 2;−2〉 ⇔ |1, 5/2;−5/2〉,17 and the
polarization χ is from positive to negative values. At
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FIG. 3: (Color online) In the case of FM exchange coupling
(J = 0.4 meV): (a) charge current Ic and spin current Is, (b)
differential conductance G, (c) magnetization 〈Szt 〉, and (d)
spin-current polarization χ as a function of the bias voltage
V for different gate voltages Vg. The current and differential
conductance are scaled in units of I0 = 2eΓ/~ and G0 =
10−3e2/h, respectively.
negative bias, the transport is dominated by the spin-up
(spin-majority) electrons tunneling via the virtual tran-
sition |0, 2; 2〉 ⇔ |1, 5/2; 5/2〉, and the polarization χ is
enhanced, larger than 0.8. When the bias voltage in-
creases further to the threshold value, sequential tun-
neling begins to dominate the electron transports. The
polarization reaches the lowest value χ ∼ −0.7 at the
peak-1 of differential conductance as displayed in Fig.
3 (b), where the transport is dominated by spin-down
electrons. It reduces to −0.4 (−0.1) approximately be-
tween the peak-1 and peak-2 (peak-2 and peak-3), where
more spin-up electrons take part in the transport. On the
other hand, the polarization χ at the conductance peak-
1′ obtains the highest value about 0.9, where the spin-up
electrons dominate the transport. It reduces to about 0.7
(0.4) between the peak-1′ and peak-2′ (peak-2′ and peak-
3′). When the absolute value of bias-voltage V is high
enough, all transition channels enter the transport win-
dow and the polarization χ remains in a constant mag-
nitude close to 0.2. This situation is the same as in the
QDs.7 At the gate voltage Vg = 1 mV the ground states
of SMM become |1, 5/2;±5/2〉, where the spin polariza-
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FIG. 4: (Color online) In the case of AFM exchange coupling
(J = −0.4 meV): (a) charge current Ic and spin current Is, (b)
differential conductance G, (c) magnetization 〈Szt 〉, and (d)
spin-current polarization χ as a function of the bias voltage
V for different gate voltages Vg.
tion curve χ (pink dash line) varies approximately from
0.4 to 0.2 with increasing bias V . Since the gate voltages
Vg = 2.4 mV and Vg = −0.4 mV are symmetric with
respect to Vg = 1 mV, which is the electron-hole sym-
metry point,17,32 the corresponding polarization curves
(blue dot-dash and black solid lines) exhibit a symmetric
behavior seen from Fig. 3(d). For Vg = 2.4 mV, the high-
est polarization χ located at peak-1 is mainly contributed
by the spin-up transitions |2, 2;−2〉 ⇔ |1, 5/2;−5/2〉.
Figure 4 presents the spin-polarized transport through
the SMM tunnel junction with the AFM exchange inter-
action between the transport electrons and the molec-
ular giant-spin. Different from the FM case, the po-
larization χ at the gate voltage Vg = −0.4 mV in-
creases from 0.4 to about 0.7 in the positive bias. This
behavior is attributed to the spin-up virtual transition
|0, 2;−2〉 ⇔ |1, 3/2;−3/2〉. While χ decreases to the
negative value about −0.4 in the negative bias due to
the spin-down virtual transition |0, 2; 2〉 ⇔ |1, 3/2; 3/2〉.
When the bias voltage increases to a certain higher
value, the sequential tunneling dominates the electronic
transport, and the differential conductance G possesses
four peaks for both positive and negative bias voltages,
as shown in Fig. 4(b). The peak-1 mainly from the
transitions |0, 2;−2〉 ⇔ |1, 3/2;−3/2〉 is higher than
the peak-1′ , which is contributed by the transitions
|0, 2; 2〉 ⇔ |1, 3/2; 3/2〉. The corresponding polarization
χ at peak-1 (peak-1′) reaches the highest (lowest) value
about 0.7 (−0.4). The conductance peak-2 and peak-3
are related to the transitions |0, 2;−2〉 ⇔ |1, 5/2;−5/2〉
and |1, 5/2;−5/2〉 ⇔ |2, 2;−2〉 respectively, and a small
dip appears for the polarization curve (black solid line)
between the two peaks. In contrast, the polarization
curve is convex between the peak-2′ and peak-3′. Ad-
ditional peak-4 and peak-4′ emerge with further increase
of the bias voltage V . These two peaks are mainly con-
tributed from the transitions |1, 3/2;−3/2〉 ⇔ |2, 2;−2〉
and |1, 3/2; 3/2〉 ⇔ |2, 2; 2〉 respectively. More interest-
ingly, without the reversal of bias, the polarization χ for
Vg = 2 mV (blue dot-dash line) can be reversed from
about −0.6 to 0.4 in positive bias range.
IV. CONCLUSION
In conclusion, we have shown that the FM-SMM-NM
junction can work as an efficient spin-current injector. By
the master equation approach, the spin-polarized trans-
port properties are systematically investigated in both
the sequential and cotunneling regimes. Our results
demonstrate that the transport exhibits a very asymmet-
ric behavior with respect to the zero bias. The spin-flip
process, which originates from the spin-exchange inter-
action of the SMM and the transport electron, leads to
the amplification of spin polarization injecting from the
FM electrode, and a very high polarization of the spin-
current is obtained. Furthermore, both the magnitude
and sign of the spin polarization are tunable by the gate
or bias voltages, suggesting an electrically-controllable
spin device in molecular spintronics.
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